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The process e+e− → φη′ has been studied for the first time in detail using data sample collected
with the BESIII detector at the BEPCII collider at center of mass energies from 2.05 to 3.08 GeV.
A resonance with quantum numbers JPC = 1−− is observed with mass M = (2177.5 ± 4.8 (stat)
4± 19.5 (syst)) MeV/c2 and width Γ = (149.0 ± 15.6 (stat) ± 8.9 (syst)) MeV with a statistical
significance larger than 10σ, including systematic uncertainties. If the observed structure is identified
with the φ(2170), then the ratio of partial width between the φη′ by BESIII and φη by BABAR is
(BRφηΓRee)/(BRφη′ΓRee) = 0.23 ± 0.10 (stat) ± 0.18 (syst), which is smaller than the prediction of the
ss¯g hybrid models by several orders of magnitude.
PACS numbers:
I. INTRODUCTION
One of the most challenging questions in contempo-
rary physics is how quarks and gluons form hadrons.
Quantum chromodynamics (QCD) allows for any color-
neutral combinations, however, a striking majority of
all observed hadronic states are consistent with either
a quark-antiquark pair, i.e., mesons, or triplet-quark sys-
tems, i.e., baryons. Although it has been difficult to un-
ambiguously identify so-called exotic hadrons, such as
glueballs, hybrids and multiquarks, remarkable progress
has been made in the charm sector during the last decade.
Some of those newly observed charmoniumlike or bot-
tomoniumlike states are good candidates for exotics [1–
3]. The strangeonium family may have states similar to
those found in heavier quarkonia, and the more experi-
mental information would be helpful to understand the
prediction for the spectrum of strangeonium.
The φ(2170) was discovered in the process e+e− →
φf0(980) by BABAR [4, 5] via the initial-state-radiation
(ISR) technique, and was later confirmed by Belle [6],
BES [7] and BESIII [8, 9]. There are several interpre-
tations of the φ(2170), including a regular ss meson
in a 23D1 [10] or 3
3S1 configuration [11], an ssg hy-
brid [12, 13], a tetraquark state [14–18], a ΛΛ bound
state [19–22], an S-wave threshold effect [23], or a three-
meson system φK+K− [24]. The conventional ss meson
is predicted to decay with significant fraction into the
ss¯-signature modes φη and φη′ [11]. According to the
Okubo-Zweig-Iizuka (OZI) rule [25] and taking isospin
effect into account, the contributions of ω-like and ρ-like
states are suppressed in the φη and φη′ modes. These two
decay modes are useful to measure the mass and width
of φ-like states. On the other hand, the ss¯g hybrid state
is expected to have a stronger coupling to φη, whose par-
tial width is expected to be larger than that of φη′ by a
factor of 3-200 [12, 13]. The ratio between the φη and
φη′ decay widths is therefore an important observable to
test φ(2170) as a hybrid state.
BESIII measured the processes e+e− → K+K− [26]
and e+e− → ΛΛ¯ [27] to test the prediction of φ(2170)
as the ΛΛ¯ bound state. An enhancement at
√
s = 2.232
GeV in the process e+e− → φK+K− [28] is difficult to
be interpreted by the Faddeev calculation for the three-
meson system φKK¯. Assuming that the observed struc-
ture in the process e+e− → K+(1460)K− is φ(2170),
it implies that the theoretical expectation for the hy-
brid state is not in agreement with the experimental re-
sults [29]. BABAR observed evidence of φ(2170) in a
study of the process e+e− → γISRφη [30] and a small
signal in e+e− → γISRφη′ [31]. The tail of the φ(1680)
contributes to the φη mode. However, φ(1680) decays
into φη′ are highly suppressed [32]. In a BESIII study of
J/ψ → ηφη′, evidence was found of a structure in the φη′
mass spectrum in the 2.0− 2.1 GeV/c2 region under the
assumption of JP = 1− [33]. The e+e− → φη′ process
provides therefore important input for the understanding
of the φ(2170).
In this paper, we present a measurement of the Born
cross sections of e+e− → φη′ as a function of center-of-
mass (c.m.) energies from 2.05 to 3.08 GeV based on 20
data samples corresponding to an integrated luminosity
of 640 pb−1 collected at the Beijing spectrometer (BE-
SIII).
II. DETECTOR AND DATA SAMPLES
The BESIII detector is a magnetic spectrome-
ter [34] located at the Beijing Electron Positron Col-
lider (BEPCII) [35]. The cylindrical core of the BE-
SIII detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles
and photons is 93% over 4π solid angle. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.
A geant4-based [36] Monte Carlo (MC) simulation
software is used to generate simulated data samples. The
software implementation includes geometric and material
description of the BESIII detector, the detector response
and digitization models. It also accounts for the variation
in detector running conditions and performance.
To study backgrounds, a generic MC sample for the
process e+e− → qq¯ with q = u, d, s is generated with
conexc [37], while the hadronization processes are gen-
erated by evtgen [38, 39] for known modes with branch-
ing fractions set to Particle Data Group (PDG) world av-
5erage values [40] and by luarlw [41] for the remaining
unknown decays. The signal MC sample for e+e− → φη′
is also generated by conexc, taking radiative correc-
tions, the angular distributions of the final state and the
amplitude of η′ → γπ+π− [42] into account at each c.m.
energy point.
III. EVENT SELECTION AND BACKGROUND
ANALYSIS
The MC simulations are used to optimize the selec-
tion criteria, the determination of detection efficiencies
and estimation of the background. Taking the branch-
ing fractions of the decays of intermediate states and the
efficiency of photon detection into consideration for the
process of e+e− → φη′, the φ candidate is identified from
a K+K− pair and the η′ from π+π−γ combinations. To
improve the detection efficiency, candidate events are re-
quired to have three or four good charged tracks, corre-
sponding to two detected pions and one or two detected
kaons, and at least one good photon. Tracks are recon-
structed from hits in the multilayer drift chamber (MDC)
within | cos θ| < 0.93, where θ is the polar angle with
respect to the magnetic field direction. The tracks are
required to pass the interaction point within 10 cm along
the beam direction and within 1 cm in the transverse di-
rection to the beam. For each charged track, the time-of-
flight (TOF) from scintillation counters and the energy
loss measurement (dE/dx) information from MDC are
combined to form particle identification confidence lev-
els (C.L.) for the π, K, and p hypotheses. The particle
type with the highest C.L. is assigned to each track. Two
pions and at least one kaon are required per event.
Photon candidates are selected from showers in the
electromagnetic calorimeter (EMC) that are not associ-
ated with charged tracks. Good photon candidates re-
constructed in the barrel part of the EMC must have a
polar angle within | cos θ| < 0.8 and a minimum deposited
energy of 25 MeV. To be reconstructed in the end caps,
the photon candidates must have a polar angle within
0.86 < | cos θ| < 0.92 and a minimum energy deposit of
50 MeV. Timing information in the EMC is used to sup-
press electronic noise and energy deposits unrelated to
the event. In order to suppress the background from ISR
processes, the energy of photon candidates is required to
be larger than 70 MeV. The tracks and photon candidates
are then combined and subject to further analysis. The
interaction vertex of the event is reconstructed by two
pions and one kaon. A one-constraint (1C) kinematic
fit is performed under the hypothesis that the Kπ+π−γ
missing mass corresponds to the kaon mass [40]. If both
kaons are identified in an event, the combination with
the smallest χ2 of the 1C kinematic fit is retained. The
corresponding χ2, denoted as χ21C(π
+π−KKmissγ), is re-
quired to be smaller than 20. The candidate event of
e+e− → φη′ is required to be within the φ signal region,
defined as |M(KKmiss)−mφ| < 3σ, wheremφ is the nom-
inal φ mass from PDG and σ is the φ width convolved
with detector resolution. The sideband region, defined
as 1.050 GeV/c2 < M(KKmiss) <1.130 GeV/c
2, is used
to estimated the non-φ background contributions.
A study of the e+e− → qq¯ MC sample shows that
the dominant background processes are e+e− → φπ+π−,
e+e− → KK∗π and e+e− → K+K−ρ(770). No peaking
background is observed in the signal region of the π+π−γ
invariant-mass distribution.
IV. DETERMINATION OF THE BORN CROSS
SECTION
The e+e− → φη′ signal yield is determined by perform-
ing an unbinned maximum likelihood fit to the π+π−γ
invariant-mass distribution. The signal is described by
the line-shape obtained from the signal MC simulation
convolved with a Gaussian function that accounts for
the difference in resolution between data and MC sim-
ulation. The shape of the background is parametrized
by a second-order polynomial function. The correspond-
ing fit result is shown in Fig. 1 at
√
s = 2.1250 GeV.
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FIG. 1: Fit to the M(π+π−γ) mass spectrum at
√
s = 2.1250
GeV. The black dots with error bars are data, the solid (red)
curve is the total fit result and the dashed (blue) curve is the
background shape.
The same event selection criteria and fit procedure are
applied to the other 19 data samples taken at different
c.m. energies. The numbers of signal events for these
samples are listed in Table I.
The Born cross section is calculated using
σB =
Nobs
L · (1 + δ) · ǫ · B , (1)
6where N obs is the number of signal events, L the inte-
grated luminosity measured with the method described
in Ref. [43], B the product of the branching fractions of
the decays φ → K+K− and η′ → π+π−γ [40], ǫ the
detection efficiency and (1 + δ) is the correction factor
due to ISR and vacuum polarization (VP). Both ǫ and
(1 + δ) are obtained from MC simulations of the signal
reaction at the individual c.m. energies [44, 45]. The
detection efficiency and ISR factor depend on the input
Born cross section, where the iterations are performed
until the measured Born cross section does not change
by more than 1.0%. The resulting Born cross sections
and related variables are listed in Table I.
TABLE I: The Born cross sections of e+e− → φη′. The
center-of-mass energy (
√
s), integrated luminosity (L), the
yields of signal events (N obs), the product of radiative correc-
tion factor and vacuum polarization factor (1 + δ), detection
efficiency (ǫ), Born cross section (σB ). The first uncertainties
are statistical and the second systematic.
√
s (GeV) L (pb−1) N obs (1 + δ) ǫ σB (pb)
2.0500 3.34 4.3±3.0 0.888 0.257 39.7±27.7±2.4
2.1000 12.2 21.3±6.3 0.926 0.290 45.9±13.6±2.8
2.1250 108 267.7±22.2 0.938 0.299 61.8±5.1±3.6
2.1500 2.84 12.3±4.2 0.948 0.310 103.6±35.4±6.0
2.1750 10.6 87.4±11.0 0.957 0.324 186.5±23.5±11.4
2.2000 13.7 105.5±11.8 0.964 0.327 171.9±19.2±10.3
2.2324 11.9 73.6±10.2 0.972 0.331 135.6±18.8±8.4
2.3094 21.1 65.6±9.8 0.977 0.339 66.1±9.9±4.2
2.3864 22.5 52.7±8.8 0.992 0.341 48.6±8.1±3.7
2.3960 66.9 163.9±15.0 0.994 0.343 50.6±4.6±2.9
2.5000 1.10 3.7±2.1 1.007 0.347 67.8±38.5±4.3
2.6444 33.7 73.9±9.5 1.009 0.348 43.9±5.6±2.3
2.6464 34.0 50.4±8.0 1.009 0.346 29.8±4.7±1.6
2.8000 1.01 2.0±1.4 0.996 0.352 39.8±27.9±2.0
2.9000 105 113.3±12.0 1.011 0.346 21.6±2.3±1.2
2.9500 15.9 9.9±3.4 1.013 0.343 12.6±4.3±0.7
2.9810 16.1 6.9±2.9 1.012 0.343 8.7±3.7±0.7
3.0000 15.9 12.6±3.7 1.011 0.342 16.2±4.7±0.8
3.0200 17.3 14.5±4.1 1.008 0.340 17.2±4.9±0.9
3.0800 126 90.2±10.3 0.906 0.339 16.4±1.9±1.0
V. SYSTEMATIC UNCERTAINTY
The following sources of systematic uncertainties are
considered in the measurement of the Born cross sections.
The common uncertainties include the integrated lumi-
nosity, the tracking efficiency, photon detection, PID and
branching fractions of intermediate state decays for each
energy point. The systematic uncertainties also arise
from the kinematic fit, the fit procedure, mass window
requirement of φ, ISR correction factor, as well as MC
statistics. The uncertainty of the integrated luminosity
is 1% at each energy point [43]. The uncertainty of the
efficiency for each charged track and PID are estimated
to be 1% [26]. The uncertainty due to photon detection
is 1% [46]. The uncertainty of the branching fractions
of intermediate states is taken from the PDG [40], it is
2.2 %. The uncertainty related to the kinematic fit is
estimated by correcting the helix parameters of the sim-
ulated charged tracks to match the resolution in data [47].
The difference in (1 + δ)ǫ between the last two iterations
of the cross section measurement is taken as the uncer-
tainty related to the ISR correction factor. The φ line
shape in simulated data is smeared to better match the
data line shape. The difference in the detection efficiency
before and after smearing are assigned as systematic un-
certainties for the φ mass window requirement. The dif-
ference in the signal yield between fits in a range of (0.8,
1.10) GeV/c2 compared to the nominal fit is treated as
the systematic uncertainty from the fit range. The un-
certainty related to the signal shape is estimated with
an alternative fit using the same function for the sig-
nal shape, but fixing the width of the Gaussian function
to the value obtained in the nominal fit plus one stan-
dard deviation. The background shape is described as
a second-order polynomial function. A fit with a third-
order polynomial function for the background shape is
used to estimate the uncertainty. The uncertainty due to
MC statistics is estimated by the number of the gener-
ated events. Assuming that all of the above systematic
uncertainties are uncorrelated, the total systematic un-
certainties are obtained by adding the individual uncer-
tainties in quadrature, shown in Table II.
VI. FIT TO THE LINE SHAPE
The measured Born cross sections are shown in Fig. 2,
where a clear structure is observed around 2.2 GeV. To
study a possible resonant behavior, a χ2 fit incorporat-
ing the correlated and uncorrelated uncertainties is per-
formed to the measured Born cross sections. Assuming
that the final states φη′ come from a resonance decay, we
fit the line shape using a coherent sum of a phase-space
modified Breit-Wigner (BW) function and a phase-space
term. The probability density function (PDF) is defined
as
∣∣∣∣A(√s) |2=| C0
√
Φ(
√
s) + eiϕ ×BW (√s)
∣∣∣∣
2
, (2)
where the BW function is written as
BW (
√
s) =
MR√
s
√
12πΓR
e+e−
BR(φη′)ΓRtot
s−M2R + iMRΓRtot
·
√
Φ(
√
s)
Φ(MR)
,
(3)
where MR is the mass of the resonance, Γ
R
tot the to-
tal width, ΓR
e+e−
the e+e− partial width, BR(φη′) the
branching fraction of the resonance decay to φη′, ϕ the
7TABLE II: Relative systematic uncertainties (in %) in the Born cross sections of e+e− → φη′. These represent the uncertainties
in the estimated effects of the luminosity (L), tracking efficiency (Tracking), photon reconstruction efficiency (Photon), PID
efficiency (PID), the kinematic fit (KinFit), signal and background shape (Signal and Background), fit range (Range), the initial
state radiation factor (ISR), φ mass window (mφ), MC statistics (MC), and branching fraction (B). The total uncertainty is
obtained by summing the individual contributions in quadrature.
√
s (GeV) L Tracking Photon PID KinFit Signal Background Range ISR mφ MC B Sum
2.0500 1.0 3.0 1.0 3.0 3.0 0.0 0.0 1.5 0.1 0.5 0.5 2.2 6.0
2.1000 1.0 3.0 1.0 3.0 2.7 0.0 0.9 1.5 0.9 0.5 0.5 2.2 6.0
2.1250 1.0 3.0 1.0 3.0 2.6 0.3 0.4 1.5 0.8 0.5 0.5 2.2 5.9
2.1500 1.0 3.0 1.0 3.0 2.3 0.0 0.8 1.2 0.8 0.5 0.5 2.2 5.8
2.1750 1.0 3.0 1.0 3.0 2.0 1.5 0.7 2.1 1.0 0.4 0.5 2.2 6.1
2.2000 1.0 3.0 1.0 3.0 2.3 0.8 1.6 1.3 0.7 0.5 0.5 2.2 6.0
2.2324 1.0 3.0 1.0 3.0 2.4 1.9 1.5 1.1 0.1 0.4 0.4 2.2 6.2
2.3094 1.0 3.0 1.0 3.0 1.9 2.0 2.9 0.6 0.2 0.4 0.4 2.2 6.4
2.3864 1.0 3.0 1.0 3.0 1.9 2.5 4.7 1.4 0.3 0.4 0.4 2.2 7.7
2.3960 1.0 3.0 1.0 3.0 1.6 0.1 2.0 0.9 0.6 0.4 0.4 2.2 5.7
2.5000 1.0 3.0 1.0 3.0 1.6 0.0 2.7 2.4 0.9 0.4 0.4 2.2 6.4
2.6444 1.0 3.0 1.0 3.0 0.8 0.0 0.8 0.9 0.0 0.4 0.4 2.2 5.2
2.6464 1.0 3.0 1.0 3.0 0.8 0.0 1.4 1.6 0.2 0.4 0.4 2.2 5.5
2.8000 1.0 3.0 1.0 3.0 0.5 0.0 0.0 0.2 0.4 0.4 0.4 2.2 5.1
2.9000 1.0 3.0 1.0 3.0 0.3 1.3 0.3 1.6 0.1 0.4 0.4 2.2 5.4
2.9500 1.0 3.0 1.0 3.0 0.1 1.0 0.0 2.9 0.3 0.4 0.4 2.2 5.9
2.9810 1.0 3.0 1.0 3.0 0.0 0.0 0.0 5.6 0.2 0.4 0.4 2.2 7.5
3.0000 1.0 3.0 1.0 3.0 0.1 0.0 0.8 0.6 0.6 0.4 0.4 2.2 5.1
3.0200 1.0 3.0 1.0 3.0 0.0 0.7 2.1 0.5 0.2 0.4 0.4 2.2 5.5
3.0800 1.0 3.0 1.0 3.0 0.1 0.9 2.0 1.7 1.0 0.5 0.4 2.2 5.8
phase angle between the resonance and the phase-space
contribution and Φ(
√
s) the phase space factor for a P -
wave two-body system.
The fit has two solutions with an identical mass and
width of the resonance. The product ΓR
e+e−
BR(φη′) is
also the same in the two solutions, while the phases
are different. The fit quality is estimated by inspect-
ing the χ2, which gives a χ2/ndf = 28.30/15, where ndf
is the number of degrees of freedom. The parameters of
the structure are determined to be M = (2177.5 ± 4.8)
MeV/c2 and Γ = (149.0 ± 15.6) MeV, where the uncer-
tainty is statistical only. Figure 2 shows the fit result, and
the parameters of the resonance are summarized in Ta-
ble III. The significance of the resonance is determined
to be larger than 10σ, including systematic uncertain-
ties. This is obtained by comparing the change of ∆(χ2)
with and without the resonance in the fit and taking the
change in the number of degrees of freedom ∆ndf = 4
into account.
TABLE III: Line shape parameters obtained by the fit.
Parameter Solution I Solution II
MR (MeV/c
2) 2177.5 ± 4.8 (stat) ± 19.5 (syst)
ΓRtot (MeV) 149.0 ± 15.6 (stat)± 8.9 (syst)
BRΓRe+e−(eV) 7.1±0.7 (stat) ±0.7 (syst)
ϕ(rad) 3.13 ± 2.01 -0.01 ± 2.36
 (GeV)s
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FIG. 2: Born cross sections of the e+e− → φη′ process. The
solid curve (red) shows the fit to the line shape of the Born
cross sections. The dots (black) with error bars show data.
The systematic uncertainties of the resonance param-
eters are mainly due to the signal model. To assess this
systematic uncertainty, a modified BW function with
mass-dependent width is used for the fit, resulting in
differences of 19.5 MeV/c2 and 8.9 MeV for the mass
and width, respectively. The dependence on the c.m. en-
ergy determination and the fit procedure were also in-
vestigated and found to be negligible. The uncertainties
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γ → -e+e (980) [7,8]
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FIG. 3: The parameters of the φ(2170) state obtained from
different processes and the resonance in the e+e− → φη′ pro-
cess.
(statistical and systematic) of the measured Born cross
sections have been considered in the fit. Figure 3 shows
the comparison of the parameters of the φ(2170) state
measured by experiments via various processes.
VII. SUMMARY AND DISCUSSION
In summary, we present a precise measurement of
the cross section line shape for e+e− → φη′ based on
data samples collected with the BESIII detector at the
BEPCII collider at 20 different c.m. energies from 2.050
to 3.080 GeV. A clear structure is observed in the line
shape of the measured Born cross sections. Assuming
that the φη′ comes from a single resonance, we deter-
mine the mass and width of this resonance to be (2177.5
± 5.1 (stat) ± 18.6 (syst)) MeV/c2 and (149.0 ± 15.6
(stat) ± 8.9 (syst)) MeV, respectively. Here, the first
uncertainties are statistical and the second ones are sys-
tematic. The statistical significance of the resonance is
estimated to be larger than 10 σ, including systematic
uncertainties. The JPC of the resonance should be 1−−
since it is produced in formation via e+e− collisions. The
mass of the resonance is compatible with the φ(2170).
For the 23D1 ss¯ excited state and the ΛΛ¯ bound
states in the molecular scenario, the decay mode of
φ(2170) → K+K− is favored. However, the parame-
ters of the resonance extracted from the cross sections
of e+e− → K+K− deviates from almost all individual
measurements [26]. Thus, φ(2170) as a 23D1 ss¯ quarko-
nium is disfavored. The width of the 33S1 ss¯ is predicted
to be about 380 MeV [11], hence it cannot be identified
with φ(2170). Assuming that the observed resonance is
the φ(2170), the measured BRφηΓRee = (1.7 ± 0.7 (stat) ±
1.3 (syst)) eV by BABAR [30] is smaller than that of φη′
mode. The ratio (BRφηΓRee)/(BRφη′ΓRee) is estimated to be
0.23 ± 0.10 (stat) ± 0.18 (syst). This is smaller than the
prediction of the ss¯g hybrid models by several orders of
magnitude [12, 13] and casts severe doubt on the validity
of these models. We can not draw a conclusion about the
other interpretations based on the current experimental
results and need to perform further measurements in the
future.
The BESIII collaboration thanks the staff of BEPCII
and the IHEP computing center and the supercomputing
center of USTC for their strong support. This work
is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)
under Contracts No. 11625523, No. 11635010,
No. 11735014, No. 11425524, No. 11335008,
No. 11375170, No. 11475164, No. 11475169,
No. 11605196, No. 11605198, No. 11705192; Na-
tional Natural Science Foundation of China (NSFC)
under Contract No. 11835012; the Chinese Academy of
Sciences (CAS) Large-Scale Scientific Facility Program;
Joint Large-Scale Scientific Facility Funds of the NSFC
and CAS under Contracts No. U1532257, No. U1532258,
No. U1732263, No. U1832207, No. U1532102,
No. U1832103; CAS Key Research Program of Frontier
Sciences under Contracts No. QYZDJ-SSW-SLH003,
No. QYZDJ-SSW-SLH040; 100 Talents Program of
CAS; INPAC and Shanghai Key Laboratory for Particle
Physics and Cosmology; German Research Foundation
DFG under Contract No. Collaborative Research Center
CRC 1044, FOR 2359; Istituto Nazionale di Fisica
Nucleare, Italy; Koninklijke Nederlandse Akademie
van Wetenschappen (KNAW) under Contract No. 530-
4CDP03; Ministry of Development of Turkey under
Contract No. DPT2006K-120470; National Science
and Technology fund; The Knut and Alice Wallenberg
Foundation (Sweden) under Contract No. 2016.0157;
The Swedish Research Council; U. S. Department of
Energy under Contracts No. DE-FG02-05ER41374,
No. DE-SC-0010118, No. DE-SC-0012069, No. DE-
SC-0010504; University of Groningen (RuG) and the
Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt
[1] V. P. Druzhinin, S. I. Eidelman, S. I. Serednyakov, and
E. P. Solodov, Rev. Mod. Phys. 83, 1545 (2011).
[2] C. Z. Yuan and S. L. Olsen,
Nat. Rev. Phys. 1, 480 (2019).
[3] X. Wang, Z. F. Sun, D. Y. Chen, X. Liu, and T. Matsuki,
Phys. Rev. D 85, 074024 (2012).
[4] B. Aubert et al. (BABAR Collaboration),
Phys. Rev. D 74, 091103(R) (2006); 76, 012008 (2007).
9[5] J. P. Lees et al. (BABAR Collaboration),
Phys. Rev. D 86, 012008 (2012).
[6] C. P. Shen et al. (Belle Collaboration),
Phys. Rev. D 80, 031101(R) (2009).
[7] M. Ablikim et al. (BES Collaboration),
Phys. Rev. Lett. 100, 102003 (2008).
[8] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 91, 052017 (2015).
[9] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 99, 012014 (2019).
[10] G. J. Ding and M. L. Yan, Phys. Lett. B 657, 49 (2007);
Q. Li, L. C. Gui, M. S. Liu, Q. F. Lv, and X. H. Zhong,
arXiv: 2004.05786.
[11] T. Barnes, N. Black, and P. R. Page,
Phys. Rev. D 68, 054014 (2003).
[12] G. J. Ding and M. L. Yan,
Phys. Lett. B 650, 390 (2007).
[13] P. R. Page, E. S. Swanson, and A. P. Szczepaniak,
Phys. Rev. D 59, 034016 (1999).
[14] Z. G. Wang, Nucl. Phys. A 791, 106 (2007).
[15] H. X. Chen, X. Liu, A. Hosaka, and S. L. Zhu,
Phys. Rev. D 78, 034012 (2008).
[16] N. V. Drenska, R. Faccini, and A. D. Polosa,
Phys. Lett. B 669, 160 (2008).
[17] H. W. Ke and X. Q. Li,
Phys. Rev. D 99, 036014 (2019).
[18] S. S. Agaev, K. Azizi, and H. Sundu,
Phys. Rev. D 101, 074012 (2020).
[19] E. Klempt and A. Zaitsev, Phys. Rep. 454, 1 (2007).
[20] C. F. Qiao, Phys. Lett. B 639, 263 (2006).
[21] Y. B. Dong et al., Phys. Rev. D 96, 074027 (2017).
[22] Y. L. Yang, D. Y. Chen, and
Z. Lu,Phys. Rev. D 100, 073007 (2019).
[23] S. L. Zhu, Int. J. Mod. Phys. E 17, 283 (2008).
[24] A. M. Torres, K. P. Khemchandani, L. S. Geng, M. Nap-
suciale, and E. Oset, Phys. Rev. D 78, 074031 (2008).
[25] S. Okubo, Phys. Lett. 5, 165 (1963); G. Zweig,
CERN Report No. S419/TH412 (to be published);
J. Iizuka, K. Okada, and O. Shito,
Prog. Theor. Phys. 35, 1061 (1966).
[26] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 99, 032001 (2019); D. Y. Chen, J. Liu,
and J. He, Phys. Rev. D 101, 074045 (2020).
[27] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 97, 032013 (2018).
[28] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 100, 032009 (2019).
[29] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. Lett. 124, 112001 (2020).
[30] B. Aubert et al. (BABAR Collaboration),
Phys. Rev. D 77, 092002 (2008).
[31] B. Aubert et al. (BABAR Collaboration),
Phys. Rev. D 76, 092005 (2007).
[32] M. Piotrowska, C. Reisinger, and F. Giacosa,
Phys. Rev. D 96, 054033 (2017).
[33] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 99, 112008 (2019).
[34] M. Ablikim et al. (BESIII Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 614, 345 (2010).
[35] C. H. Yu et al., Proc. IPAC2016, Busan, Korea,
https:// doi.org/10.18429/JACoW-IPAC2016-TUYA01 (2016).
[36] S. Agostinelli et al. (GEANT4 Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).
[37] R. G. Ping, Chin. Phys. C 38, 083001 (2014).
[38] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152 (2001).
[39] R. G. Ping, Chin. Phys. C 32, 599 (2008).
[40] M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018).
[41] B. Andersson and H. Hu, arXiv:hep-ph/9910285.
[42] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. Lett. 120, 242003 (2018).
[43] M. Ablikim et al. (BESIII Collaboration),
Chin. Phys. C 41, 063001 (2017).
[44] E. A. Kuraev and V. S. Fadin,
Sov. J. Nucl. Phys. 41, 466 (1985); Yad. Fiz. 41, 733 (1985).
[45] S. Actis et al., Eur. Phys. J. C 66, 585 (2010).
[46] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 99, 011101(R) (2019).
[47] M. Ablikim et al. (BESIII Collaboration),
Phys. Rev. D 87, 012002 (2013).
